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Abstract

Objective—To investigate the risk and injury severity on the regional body (head, neck, and
chest) of obese children in frontal motor vehicle crashes.

Design and Methods—No physical surrogates (i.e., crash dummies) for obese children are
available and experiments on pediatric cadavers are generally not feasible. Therefore, we
developed computational models of obese children using medical imaging processing and state-of-
the-art modeling techniques. A hybrid modeling technique was used to integrate finite element
model for torso fat layer into the standard multibody model to represent various levels of obese
children for 3- and 6-year-old age group. The models were used to investigate injury severity
under various crash scenarios through model simulations.

Results—The head injury criterion and chest acceleration were observed to increase as body
mass index (BMI) increased. Meanwhile, no such correlations were found between BMI and neck
injury and chest deformation. Forward head and torso excursions were observed to increase as
obesity increased, owing to the momentum effect of greater body mass.

Conclusions—~Obese children appear to have greater risks of the head and chest injuries than do
their non-obese counterparts in frontal motor vehicle crashes, owing to higher head and chest
accelerations induced by greater body excursion.

Introduction

According to current definitions (1), individuals ages 2 to 18 years are determined to be
overweight (= 851" and < 95t percentile [of prior population distributions]) or obese (= 951
percentile) based on US age- and sex-specific body mass index (BMI; kg/m?2) charts updated
by the Centers for Disease Control and Prevention (CDC) in 2000 (2). The prevalence of
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being obese among children has increased over the last several decades and is a major public
health concern. A recent survey (3) indicated that 16.9% of children and adolescents in the
US aged 2 to 19 years were at or above the 95! percentile.

Motor vehicle crashes (MVCs) are one of the leading causes of death and injury for children
(4). Considerable efforts have been made to improve occupant safety for children. One of
these efforts, child safety seats, are very effective in lessening serious injury or death in
MVCs (5). Biomechanical studies using pediatric cadavers have been limited. Therefore,
physical crash dummies representing average-sized children of certain ages (1-, 3-, and 6-
year-olds) have been used in automotive crash safety assessments. Many studies have been
conducted on injury prevention based solely on average-sized children and their surrogates.
Whether current child protective and restraint systems optimized for average-sized children
are also adequate for obese children remains an open question.

Obese children cannot fit properly in age-specific child safety seats (CSSs) and could,
therefore, be at risk in standard CSSs (6, 7). Pollack et al. (8) investigated a relationship
between BMI and injury risk in MVCs using a probability sample of children and concluded
that although there was no overall increase in injury risk by BMI, overweight and obese
children (34% of the 3,232 samples) were at an increased risk of lower and upper extremity
injuries. The odds ratio of an injury severity score from moderate to untreatable was 2.64 for
overweight and 2.54 for obese children. Similar conclusions were drawn by Zonfrillo et al.
(9), who collected data pertaining to 9,327 children aged 3 to 8 involved in MVCs via
insurance claims records and a telephone survey. Rana et al. (10), who reviewed 1,314
pediatric trauma cases, also found that the obese group (23% of the samples) had a higher
incidence of extremity fracture but a lower incidence of head and abdominal injuries. No
mechanistic study, however, has been performed for the injury risk, severity, and pattern of
obese children involved in MVCs.

The objective of this study was to mechanistically investigate the risk and injury severity on
regional body (head, neck, and chest) of obese children in MVCs. No physical surrogates
(i.e., crash dummies) for obese children are available and experiments on pediatric cadavers
are generally not feasible. Therefore, we used computational modeling and simulation
methods and computational models of obese children were developed using state-of-the-art
techniques. The models were used to investigate injury mechanism under a variety of frontal
MV C scenarios through computer crash simulations. A hypothesis to be tested was that
injury levels of obese children will be greater than those of non-obese counterparts.

Methods and Procedures

A modeling tool

In general, computational crash analyses are carried out using finite element or multibody
models. The finite element method, which is currently the most popular computational
method used in all engineering fields, provides a far more accurate representation of human
anatomy and its properties than does the multibody method. In contrast, the multibody
method is an attractive technique because of its capability to rapidly analyze complex
kinematics of the human body with easy modeling.
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Mathematical Dynamical Model (MADYMO) (TNO, The Netherlands), which employs a
multibody method, is a powerful and widely used program for occupant kinematic analyses
in MVCs. Validated MADYMO models using standard crash test dummies (i.e., 50t
percentile male, 51 percentile female, and 1-, 3-, and 6-year-old child models) are routinely
used in testing and development of vehicle safety systems (11, 12). Among the dummy
models in MADYMO, Hybrid 11l 3- and 6-year-old ellipsoid dummies were used as
standard (non-obese) models in this study. The weights of MADYMO standard dummies are
14.5 kg (95 cm height, BMI 16.0, 50™ percentile) for the 3-year-old (3YO) and 23 kg (117
cm height, BMI 16.8, 80t percentile) for the 6-year-old (6YO). Finite element models of
safety seats were developed, a toddler seat (for 3YO) and a booster seat (for 6YO), by the
use of a 3-dimensional laser printing technique, Computer-Aided Design (CAD) software
tool, finite element mesh generation, and government regulations (13, 14) followed by a
validation study using computer simulation tools to ensure that the generic seat models are
adequate. The properties of commonly used materials (e.g., impact copolymer
polypropylene) were applied for the body of the seats (Elastic modulus of 1350 MPa).

Model validation

The MADYMO 3YO standard dummy model was seated on the toddler seat and constrained
by the use of a five-point harness system. The toddler seat was then seated on rear seat and
constrained by a three-point seatbelt. The seatbelt was modeled by finite elements and belt
segments with webbing elongation setting to 10% at 10 kN force. A deceleration pulse
obtained from a 48 km/h crash test (15) was applied to the dummy and toddler seat models.
Similarly, the MADYMO 6YO standard dummy model was seated on the belt-positioning
booster seat. A deceleration pulse obtained from a 56 km/h crash test (16) was applied to the
dummy and booster seat models. The head and chest accelerations were measured to
validate the models against the experimental data using anthropometric test dummies (15,
16). MADYMO version 7.3 was used for model simulations.

Modeling of obese dummies

The existing MADYMO Hybrid 111 3YO and 6YO dummy models were modified to
develop obese child models with a range of BMI levels. For this, computed tomography
(CT) scan data of torso parts of 3YO and 6'YO obese children were acquired from the
Children’s of Alabama, Birmingham, Alabama with consent from the parents and approval
from our Institutional Review Board. Among the acquired 22 sets of CT scan data, three
data sets for each age were selected, which correspond to the 95, 97t and over 99th
percentiles, in terms of BMI.

Two different modeling techniques were used to model obese children. The first one was to
increase the inertial parameters (mass and moment of inertia) and sizes of body segments.
This technique was used primarily for modifying the limbs. The second technique was to
take account of subcutaneous adipose tissue (SAT) layers in the torso of obese children by a
new layer of material that surrounds the chest and abdomen of the subjects. Finite element
modeling was adopted to account for the complex geometry and soft tissue properties of the
SAT layer. A sophisticated in-house mapping technique (17) was used to integrate the SAT
into the dummy model. Several cross-sectional images of the SAT geometry from pelvis to
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chest were extracted from the CT scan data and thicknesses of the SAT were measured
(Figure 1a). In the meantime, the outer surface of MADYMO torso was extracted. Several
cross-sections of the outer surface at the same locations as the SAT geometry were also
extracted. Based on the measured SAT thicknesses, a contour of the skin was then generated
by spline curves at each cross-section to warrant equivalent sectional area of the SAT
(Figure 1b). An artificial three-dimensional SAT geometry, referred to as ‘fat vest’ in this
study, was then generated by connecting each section using an interpolation method (Figures
1c and 1d).

HyperMesh version 11.0 (Altair Engineering, Troy, MI) was employed to create a finite
element mesh for the fat vest by around 66,000 tetrahedral elements for the SAT and around
14,000 shell elements for the skin. Since shell elements are geometrically modeled in their
mid plane, the contour of the skin was offset by half skin thickness for geometric fidelity.
For the SAT, a hyperelastic model, the two-parameter Mooney-Rivlin constitutive model,
was used with coefficients of 6.33 kPa and 1.58 kPa (18) and a density of 900 kg/m3 (19).
For the skin, an isotropic elastic material model was used with a thickness of 2.0 mm (20),
an elastic modulus of 635 kPa (21), a Poisson’s ratio of 0.45 (22), and a density of 1000
kg/m3 (23). Coincide nodes were used at the boundary of the SAT and skin. The finite
element fat vest model was then integrated into the standard model to represent an obese
model (Figure 1e). Consequentially, three models for obese 3YO children were developed,
the 951, 97t and over 99t percentiles, on the basis of the age-specific BMI charts; which
BMiIs are 18.3, 18.8, and 19.5, respectively. Similarly, three models for obese 6YO children
were developed, the 95, 97t and over 99t percentiles, on the basis of the age-specific
BMI charts; which BMls are 18.6, 19.5, and 20.4, respectively. Table 1 lists the body mass
distributions for 3YO and 6YYO on the basis of pediatric body segment and anthropometric
parameters in the literature (24-27). Gender difference was not taken into account for the
model development because it is not significant in young children.

Frontal MVC simulations

Computational crash simulations were performed with the standard and developed obese
models under a variety of frontal MV C scenarios. A baseline configuration (referred to as
Case 1) is the following. A crash deceleration pulse from a full rigid frontal barrier impact
(48 km/h) (28) was applied. The friction coefficients between the seatbelt and dummy,
between the dummy and safety seats, and between the safety seats and rear seat were set to
0.25, 0.3, and 0.3, respectively. LATCH (Lower Anchors and Tethers for Children) is a
restraint system that makes child safety seat installation easier using lower anchors and top
tethers (28). This LATCH system was modeled and tested for 3YO dummies on the toddler
seat. The seatbelt was equipped with pretensioner and load limiter for some cases with a
maximum load limiter force of 4 kKN. The load limiter was invented to reduce belt-related
injuries (e.g., rib fractures, abdominal injuries) by spooling out the seatbelt webbing from
the retractor when the belt loads reach a preset maximum force (29). Case studies were
performed to consider the variations of restraint systems and crash pulses.

The test cases for 3YO are:

Case 2: 50% stiffened five-point harness property

Obesity (Slver Soring). Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kim et al. Page 5

Case 3: pretensioner/load limiter
Case 4: LATCH
Case 5: 50% stiffened five-point harness property and LATCH
Case 6: a higher crash pulse from a frontal impact of 56 km/h (30)
Case 7: 56 km/h pulse and 50% stiffened five-point harness property
Case 8: 56 km/h pulse and pretensioner/load limiter
Case 9: 56 km/h pulse and LATCH
Case 10: 56 km/h pulse and twice stiffened LATCH property
The test cases for 6YO are:
Case 2: pretensioner/load limiter
Case 3: a higher crash pulse from a frontal impact of 56 km/h (30)
Case 4: 56 km/h pulse and pretensioner/load limiter
Case 5: seatbelt elongation set to 10% at 7.5 kN
Case 6: friction coefficient between the seatbelt and dummy set to 0.4
Case 7: friction coefficient between the dummy and booster seat set to 0.5
Case 8: friction coefficient between the booster seat and rear seat set to 0.5
Case 9: elastic modulus of booster seat set to 825 MPa

Case 10: no booster seat and friction coefficient between the dummy and rear seat set to
0.3

From simulation results, the accelerations/decelerations, forces, moments, and deflections of
the body components were measured and they were used to assess the following regional
body injuries, proposed by NHTSA (National Highway Traffic Safety Administration) (31).
The head injury criterion (HIC) is a measure of the likelihood of head injury based on
acceleration ( a(t) ) at the center of gravity of the dummy’s head.

1 . 2.5
HIC', i, =max {(tz—fl) {ﬁf ifa(f)dt} } &)

where t; and t, are the selected initial and final times of the interval so as to maximize HIC.
The time interval is set to 15 milliseconds to calculate HIC5. The recommended limit of
HIC5 is 570 for 3YO and 700 for 6YO. The neck injury criteria, called Njj, are critical
limits for all four possible modes of neck loading: tension or compression ( Fz ) combined
with either flexion or extension ( My).

i Fe My
1= 2
" M @
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The proposed critical intercept values for axial force ( Fint ) are 2120 N (tension and
compression) for 3YO and 2800 N (tension and compression) for 6YO. The proposed
critical intercept values for moment ( Mjy; ) are 68 N (flexion) and 27 N (extension) for
3YO, and 93 N (flexion) and 37 N (extension) for 6YO. The recommended limit of Nj; is
1.0. The resultant chest acceleration (3 ms clip) and maximum chest deflection are used for
thoracic injury criteria. The recommended limit of chest acceleration (3 ms clip) is 55 ¢
(539.4 m/s?) for 3YO and 60 g (588.4 m/s?) for 6YO, and the recommended limits of chest
deflection are 34 mm for 3YO and 40 mm for 6YO. The recommended limits and intercept
values are from the NHTSA standards (31). The results from obese child dummies were
compared to those from the standard dummy to examine the effect of childhood obesity on
frontal MV C injuries.

Results of model validation

Figure 2 (a, b, and c) shows the comparisons of head and chest accelerations of 3YO
between model simulation and anthropometric dummy test (15). The responses from the
model simulation showed excellent agreement with the experimental data. The percent
differences of maximum acceleration between the experimental data and simulation results
were 2.2%, 2.1%, and 5.2% for the head x-direction (impact direction), head z-direction
(vertical direction), and chest x-direction, respectively. Figure 2 (d, e, and f) shows the
comparisons of head and chest accelerations and chest deflection of 6YO between the
experimental data (16) and simulation results. The responses from the model simulation
were kept within the corridors of the experimental data that were from the tests of four
different booster seats. The percent differences of maximums between the means of
experimental data and simulation results were 5.3%, 13.4%, and 7.6% for the resultant head
and chest accelerations and chest deflection, respectively.

Results of the case study

The HICys5, Njj, and maximum chest acceleration (CA) and deflection (CD) were measured
for all cases and listed in Tables 2 and 3 for 3YO and 6YO, respectively. The values of
injury measured were normalized by the recommended limits (31). Regarding the simulation
results of 3YQO, all injury measures were below the recommended limit. The change of
harness property (Case 2) was observed to have a minor effect on the injury measures. The
pretensioner/load limiter system (Case 3) effectively mitigated all injuries (average 14%
decrease based on the Case 1, baseline model), especially chest deflection (27% decrease).
The LATCH system (Case 4) also mitigated all injuries (average 8% decrease). The injury
measures from the higher pulse of 56 km/h (Cases 6—10) were average 40% greater than
those from the lower pulse of 48 km/h (Cases 1-5). Regarding the simulation results of
6YO, all injury measures were below the recommended limit, except the chest acceleration
of obese subjects. The pretensioner/load limiter system (Case 2) still mitigated all injuries
(average 8% decrease). The higher pulse (56 km/h, Case 3) increased average 27% of
injuries. The variations of seatbelt property, friction coefficients, and booster property
(Cases 5-9) were observed to have minor effects on the injury measures. No booster seat
(Case 10) increased the injury measures on average 10%. The video files (Supporting

Obesity (Slver Soring). Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kim et al.

Page 7

Information) are the animated results of Case 6 of 3YO (S1) and Case 4 of 6YO (S2), in
which the model indexes of standard, overweight, obese, and morbid obese are
corresponding to the 50t/80t, 95t 97t and over 99™ percentile models, respectively.

Figures 3 and 4 show the variations of each injury measure (HIC, N;;, CA, and CD) as BMI
increases, indicating the mean values and + standard deviations from the 10 cases for 3YO
and 6YO, respectively. The observed large standard deviations were caused by the two
different crash pulses (48 km/h and 56 km/h) tested in the case study that yielded
significantly different body kinematics and injury measures.

Discussion

Since no obese child anthropometric test dummy or computational model exists and no
cadaveric tests have been conducted, the injury severity and mechanism of obese children in
MV Cs are unknown. This study aimed at investigating the injury severity of regional body
(head, neck, and chest) of obese children in frontal MV Cs. Based on the standard (average-
sized) dummies, three obese dummy models (95, 97t and over 99t percentile) were
developed for each age group (3YO and 6YQO), using a medical imaging processing and a
hybrid modeling technique that integrated finite element model of torso fat layer into the
standard multibody model. A hyperelastic material model with human adipose tissue
properties was then assigned to the torso fat layer. The inertial parameters and sizes of body
components were also increased in the obese models according to the pediatric body
segment and anthropometric parameters.

As shown in Figures 3 and 4, no strong correlations were found between the N;; and BMI
and between the CD and BMI, which may be the cause of a composition of the cushion
effect (force attenuating effect) of torso fat layer and the momentum effect of greater body
mass of obese children. Meanwhile, it is worth noting that the HIC5 and CA were observed
to increase significantly as BMI increased. Both HIC5 and CA are acceleration-based injury
measures, whereas Njj and CD are force- and deformation-based ones. Our previous study
(17) that examined the injury severity sustained by overweight adult drivers in frontal MV Cs
found that there is a strong correlation between the acceleration-based injury measures and
forward body excursion. To examine whether the same mechanism is valid for obese
children, the body excursions (head, sternum and pelvis) were measured to evaluate the
association between the levels of injuries and forward body excursions (Table 4). The body
excursions were observed to increase as obesity increased, owing to the momentum effect of
greater body mass, which is related to the increase of acceleration-related injury measures
(i.e., HIC15 and CA) and is consistent with the finding from the previous study (17).

The advanced seatbelt system with pretensioner and load limiter is common in front seats
but far less common in rear seats in which younger children are seated. The tested
pretensioner/load limiter seatbelt system effectively mitigated the levels of injuries (14%
decrease for 3YO and 8% decrease for 6YO) by eliminating belt slack and then spooling out
the belt to maintain the belt load within a predefined maximum force, which mitigated the
levels of accelerations of body components. The LATCH system for 3YO also mitigated all
injuries (average 8% decrease) by firmly restraining the toddler seat from rear seat using
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1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kim et al. Page 8

tethers and anchors, which reduced forward body excursions and consequently mitigated the
acceleration-related injury measures. One study found that a LATCH system equipped with
a load limiter significantly reduced HIC (32). Additional studies on advanced safety systems
are warranted (e.g., body weight-sensitive load limiter and LATCH) to improve safety for
children of various weights.

There are some limitations of this study. First, in terms of the head, neck, and chest injury
severity sustained by obese children in MVCs, no experimental data exist to assess the
findings of this study (to our knowledge). Instead, previous studies (8—10) found that obese
children are at an increased risk of injury to the lower and upper extremities. This may be
the cause of the momentum effect of greater body mass that would induce excessive forward
body excursions in frontal MVCs, which is consistent with the findings of this study.
Excessive body excursions would have a higher probability of excessive impact with vehicle
components. Second, the effect of the variation of fat distribution within the same percentile
and the variation of the height was beyond the scope of this study. Therefore, we did not
modify the height of the dummies to effectively investigate the effect of the torso fat and
body mass of the obese subjects on the crash injuries. Third, the Hybrid 111 ellipsoidal
dummy models have inherent limitations to examine the details of injury mechanism due to
lack of biofidelity. Child full body finite element models including details of anatomical
features of neck and chest structures would be imperative to thoroughly examine neck and
chest injuries. Such a model, however, is not currently available. Future efforts could go
toward a more biofidelic model development and more case studies considering a variety of
configurations to further validate our findings. Fourth, the recommended limits and intercept
values for assessing injury criteria of standard (non-obese) children were used for obese
children in this study due to lack of such data. Lastly, this study considered only frontal
crashes.

In conclusion, obese children would have greater risks of the head and chest injuries than
observed in non-obese counterparts in frontal MVCs, owing to higher head and chest
accelerations induced by greater body excursion. A further implication is that a strategy
(device, safety, and restraint system) will be needed to mitigate accelerations of body
components to improve safety for obese children in MVCs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Modeling process of obese dummy. (a) A slice of CT scan. (b) Mapping measured SAT

thickness to the dummy. (c) Multiple contours of SAT thickness. (d) Interpolation of SAT
layer. (e) Integration of ‘fat vest’ to the dummy.
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FIGURE 2.
Model validation. (a) 3YO head x-acceleration. (b) 3YO head z-acceleration. (c) 3YO chest

x-acceleration. (d) 6YO resultant head acceleration. (e) 6YO resultant chest acceleration. (f)
6YO chest deflection.
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FIGURE 3.
Means and + standard deviations of each injury measure from the 10 cases for 3YO.
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FIGURE 4.
Means and + standard deviations of each injury measure from the 10 cases for 6YO.

(8) HICys. (b) Nyj. (c) CA. (d) CD.
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Average body excursions from the 10 cases (cm)

Dummy  Body components 3-year-old 6-year-old
Head 27.1 21.0
50t/goth  Sternum 9.1 4.8
Pelvis 7.7 5.3
Head 28.7 217
95th Sternum 9.9 5.8
Pelvis 7.9 6.6
Head 29.6 22.6
g7th Sternum 10.1 6.4
Pelvis 8.0 7.3
Head 31.3 23.3
Over 99 Sternum 10.7 7.4
Pelvis 8.3 9.1

Obesity (Slver Spring). Author manuscript; available in PMC 2016 March 01.

Table 4

Page 20



